Eight surface leads were found to account for the "total" waveform information in 282 patients (145 normal subjects, 59 patients with LVH, and 78 with myocardial infarction). In each patient the Frank leads were also reconstructed. After time normalization of the eight leads and the XYZ leads and division of the QRS complex into eight equal parts, the resulting variables (64 in the eight lead system and 24 in the Frank lead system) were submitted to multivariate statistical procedures. In a first step, the variables which proved best for the differentiation between normal records and those from patients with LVH or myocardial infarction were selected through stepwise discriminant analysis. A discriminant function was then computed and applied to both pathological groups. The results clearly point up the superiority of the eight lead system. With the level of specificity kept constant at 95%, 91% of the patients with LVH and 95% of the patients with myocardial infarction were correctly classified. With the Frank leads 83% and 85%, respectively, were recognized. The reproducibility of the results also proved to be better with the eight lead system.
T HE CLINICAL IMPORTANCE of left ventricular hypertrophy and myocardial infarction in current cardiology is such that it seemed obvious to test new diagnostic procedures on both. In this paper we are considering surface potential measurements as diagnostic tools for the assessment of these pathological entities. The advent of digital computers has made it possible to handle a huge amount of data and to perform sophisticated statistical analysis.
A brief survey of the literature indicates that the Cooperative Study of the Veterans Administration,1' 2,3 based on a large number of tracings (Frank leads) remains one of the landmarks in that field. This study thoroughly investigates the potential multivariate statistical procedures, more specifically linear discriminant-function analysis, and finally determines the appropriateness of a given individual to a particular diagnostic group. These methods probably come very close to the limits of the information content of the orthogonal electrocardiogram. With this in mind, we noticed that, at a level of specificity of 95%, it was possible to identify correctly 87% of the patients with severe left ventricular hypertrophy (LVH) and 84% of myocardial infarction (MI) . 1, 2 Although these results represent a considerable improvement in ECG diagnosis, one may wonder whether further diagnostic performance can be gained by considering a more complete waveform information than that present in the XYZ leads. The total information, however, is only available in multiple surface recordings, eventually displayed as surface maps. In order to make this information suitable for convenient and practical computer analysis, data reduction is desirable. Several such attempts have already been published in the literature.4-' In this paper, a comparison with the Frank leads is sought, using multivariate statistical procedures.1, 2, 7 As these techniques involve mainly discrimination between waveforms, the total waveform information was looked for in each individual. In the preceding paper, an empirical solution to this problem has been proposed; before any conclusions can be drawn as far as its clinical usefulness is concerned, an appraisal of its diagnostic value is necessary.
Material and Methods
The series for this study consisted of 282 patients: 145 normal subjects, 78 patients with myocardial infarction, and 59 patients with left ventricular hypertrophy. The age of the patients ranged from 26 to 68 years. Table 1  of 59 Patients with Left Ventricular Hypertro-Diagnosis   AS  AS, AI  AS, AI  AS, AI  AI  AI  AI  AI  AI  AI  AI  AI  AS  AS, AI  AI  AS, AI  AS, AI  AI  AI  AS  AS, AI, MS  VSD, PDA, PH  IHSS, MI  MI  AS, MI  mitral SE  AI  AI  AS, AI  AS, AI  aortic SE  AS, AI  AI, MI  AS, AI, MI, MS   TS, TI   INF   IMD  MI, VSD  Al, MI  IHSS, MI  AI, INF  MI  AI, MI  IIISS, MI  IHSS  AI  AS  MS, MI  AI  AI  AI  CAD  IMD  MI  IMD  CAD, INF  IMD   CAD, INF   LVMW (g)   525   354  526  475   588  365  5,31  366  477  374  266  267  349  310  290  510   359  497  335  277  257  447  322  268  321  272  579  371  618  468  489  303  680  316   324  378  310  311  322  32,5  351  630  313  403  750   310  319  534  323  391  281  375   275   297   322  345  281   8 Patients were included if they reported no symptoms and had a normal physical examination and chest Xray. Moreover, ancillary data, and particularly the blood pressure, had to be within normal limits. The ages of this group ranged from 20 to 50 years. The ECG was not taken into account for the assessment of normality.
Left Ventricular Hypertrophy (LVH)
All patients in this group had undergone routine clinical evaluation and cardiac catheterization during which hemodynamic data and biplane angiograms were obtained. Left ventricular volumes were determined using the method of Dodge et al. 8 The diagnoses and the LVMW are given in table 1. Here again, the ECG was not taken into account for the assessment of LVH.
Myocardial Infarction (MI)
The criteria for inclusion of individuals in the series were: a) acute cases: typical history of infarction within past few days and characteristic enzyme changes (23 cases); b) remote cases: typical history of past coronary occlusion demonstrated by angiography (30 cases); c) coexisting acute and remote infarcts (six cases). Note that the ECG was excluded from consideration when constructing this series. As only 17 autopsies were available, no breakdown of this series in subgroups according to the site of the infarction was performed. This study therefore only answers the question "MI" or "no MI." The patients with a QRS duration of more than 0.126 sec were excluded from all three groups."
Preparation of the Data
For all patients, the Frank leads were computed from the electrode positions and the weighting factors described by the author of the system. ' were considered * (leads 38, 40, 54, 56, 60, 81, 100, 106) as they achieved "total" waveform resynthesis in all but five patients. Note that only the QRS complex is concerned. Due to the interindividual variability in ECG wave durations, a statistical comparison between individual records or groups of records has a limited significance only.7 In order to avoid an absolute time scale (which does not permit the comparison of identical parts of the ECG complexes), time normalization was performed by dividing the QRS complex in eight equal parts. After time normalization of the eight leads, each patient is represented by 64 variables.t Identical time normalization is performed on the Frank leads, so that each patient can also be characterized by 24 variables.
Multiple Discriminant Analysis
In essence this technique is based on the determination of a linear function (L) which is the product of variables (x) and weighting coefficients (X), so that L = xlX, + X2A2 4-xn0n n being the number of arbitrarily fixed variables.
In the computerized program used in this study (Biomedical Computer Program 04M) ,'14 the variables can be entered by the programmer and the computer determines the linear function and the coefficients. The selection of the variables to be entered by the programmer can be guided by stepwise discriminant analysis (Biomedical Computer Program 07M).14t
Briefly, in the first step of this program the variable that yielded the best discrimination between the considered groups (LVH versus normals or MI versus normals) was selected. The discrimination thus achieved with this variable was then printed out. A second variable was entered and the linear combination of both parameters was tested for the separation of the two groups. This process was then continued stepwise until all variables had been entered. At each step, intermediate results could be observed. Note that the *For these 282 correctly-diagnosed patients a ninth lead was found to be redundant in all but five patients, using the method described in the previous paper. For future use however, we have to assume that no a priori knowledge of the patient's diagnosis is available, which means that all possibilities must be faced when the leads are positioned. Therefore, and in order to give this method a predictive value, a fixed number and well-defined locations have been proposed: on the basis of 412 patients and the locations described in the preceding paper, this number is nine. tVariables 1 to 8 for lead 1, variables 9 to 16 for lead 2 ... variables 57 to 64 for lead 8. ( fig. 1 ) :tOther means of selection are, of course, possible, for instance, a t-test performed on each of the 64 measurements. The t values are ranked with the highest on top. Then 95% ranges are determined for each variable in the normal population and the out of range cases of LVH or MI looked for. 2 Unfortunately, redundancy of variables is difficult to evaluate and a cumulative rate of false positives results from this approach. Therefore, we turned to the above mentioned technique of selection. program also deleted variables whenever redundancy was encountered. The inclusion and deletion of variables is based on F values, for which the programmer can fix the levels. The decision of how many variables ought to be selected for the BMD 04M program can be made empirically by examining the discrimination achieved at each step. In this way, a set of best discriminators (in linear combination) was finally selected and the discriminant function computed with the BMD 04M program. These procedures were applied to the 64 variables of the eight lead system and the 24 variables of the XYZ leads. In order to test the reproducibility of the results, computations were performed first on learning groups and then controlled on independent samples.
Results
The number of variables selected in the eight lead system for LVH and MI was fixed at six and at seven, respectively, because no better differentiation was achieved beyond these values. The same numbers were consequently also chosen for the Frank leads in order to make both systems comparable. The discriminators which proved best for differentiation between normal patients and patients with LVH and MI, respectively, are depicted in figure 1. After these variables had been introduced in the BMD 04M program, the coefficients of the discriminant function were calculated. They appear in tables 2 and 3. The products of the coefficients with the means of the variables are also shown in tables 2 and 3 because they indicate the true contribution to differentiation.' Table 4 gives the classification of patients with LVH, using six variables, for the eight lead system as well as for the Frank leads. The level of specificity is kept at 95% (a 5% false positive rate is admitted). Table 5 shows, with seven variables, the classification of patients with MI (regardless of the location of MI). Here again, both lead systems are considered and the specificity is fixed at a 95% level.
Reprod!ucibility of results
As stressed by authors who are familiar with multivariate analysis,2 it is mandatory to test initial results with new and independent record samples when many variables are used for discrimination. Indeed, the more variables used the more optimistic the first set of results can appear. Therefore, we constituted learning groups and control groups for both LVH and MI. The learning groups consisted of 100 normal subjects, 29 patients with LVH, and 35 with MI. The control groups consisted of 45 normal subjects, 30 patients with LVH, and 43 with Circulation, Volume XLVIII, November 1973 MI. For the learning groups, the above-mentioned procedures were followed: discriminant functions were determined (BMD 04M) after selection of the best discriminators (BMD 07M). For the control groups, each patient was tested with the predetermined discriminant function (according to its diagnostic group) and classified by means of a likelihood ratio test. Here again, six and seven variables, respectively, were used for the differentiation of LVH and MI from normal subjects.
The specificity level was held constant at 95% in the learning groups. The results are shown in table 6. The closeness of the results for the eight lead system indicates that both groups are probably representative for the population under study, as far as the selected variables are concerned, and consequently can be merged. The same conclusion cannot be drawn from the Frank leads, especially because of the discrepancies in the false positive rates.
Discussion
Three groups of subjects were involved in this study: normal subjects ( 145), patients with left ventricular hypertrophy (59), and patients with myocardial infarction (78). For these 282 patients, eight leads were found to account for the "total" waveform information; this means that, in each patient, all surface leads can be resynthesized up to the noise level, with a linear combination of these eight waveforms. Of course in the future once other Table 4 Classification of Patients with Left Ventricular Hypertrophy (LVH) 8 Table 5 Classification of Patients with Myocardial Infarction (MI) 8 pathological groups are considered, e.g., RVH, the nine lead system, described in the preceding paper, will be used. In order to prepare the data for statistical analysis, each waveform had to be divided in eight equal parts; therefore, we had to determine the beginning and the end of the QRS complex. The first departure from the baseline in any of the eight leads was considered as the beginning of QRS; the last lead that returned to the baseline indicated the end of QRS. The presence of noise limits the accuracy of these measurements and must be considered as a limitation in the methodology. Technical improvement in the collection of data Figure 1 For each of the eight selected electrode positions, the QRS durations were made equal (time-normalization) in order to superimpose them for more convenient comparison and computer analysis. The variables chosen for the discriminant analysis are indicated by a small line on the QRS waveforms (L and M, respectively, for differentiation of left ventricular hypertrophy and myocardial infarction from normals). No discriminators are drawn on lead 2 because their inclusion in the BMD 07M program happened beyond the cutoff level which fixed the number of variables to be accepted for the BMD 04M program. The value of variables L on leads 4 and 5 as discriminators for LVH is not obvious from the graph because mean QRS waveforms do not account for the interindividual variations. might, consequently, influence the results and these limitations must therefore be kept in mind. Another important point in the discussion is the determination of the number of variables to be selected with the stepwise discriminant program (BMD 07M) and entered into the BMD 04M program. This decision is based on the degree of performance achieved in the aforementioned stepwise procedure.
As soon as the discrimination is no longer sensibly improved with the addition of a new variable, the process is stopped and the variables thus far accumulated retained for further analysis.* We did repeat our computations with various numbers of variables but reached the conclusion that our empirical cut-off remains a very reasonable one.
The variables used in this study are only instantaneous voltages, no ratios nor angular data are involved. It must also be stressed that only the QRS complex is considered. The patients with LVH '5 were selected on the basis of a left ventricular muscle weight (LVMW) above 254 g with or without another associated cardiac abnormality (RVH, MI, etc....). The cases misclassified with the eight lead system are mainly patients with LVMW less than 300 g. The same patients were missed when Frank leads were studied; the other patients whose pathologic conditions were missed with the XYZ lead study had LVMW between 257 and 378 g.
As far as the patients with myocardial infarction16 are concerned, no attempt was made to subdivide the series according to the location of MI. All patients with MI were pooled into one single group regardless of the acute or remote character of their infarction because of the modest size of the sample and the lack of complete autopsy material. The results undoubtedly favor the eight lead system in left ventricular hypertrophy as well as in myocardial infarction. With a specificity (% of normal patients correctly classified) kept constantly at 95%, the eight lead system classifies correctly 91% of the patients with LVH, whereas the Frank leads only recognize 83%.
In myocardial infarction the results are 95% and 85% respectively. Most of the cases missed with the eight lead system are also missed with the Frank leads. The variables which proved best for differentiation between normal records and those from patients with LVH and MI in the eight lead system are derived not only from leads which possess additional signal information with respect to the XYZ leads but also from leads (leads 40, 54 and 81) in the proximity of Frank VCG locations ( fig.  1 ).
The reproducibility of the results was tested in both systems and proved a closer fit in the eight lead system. As the samples involved are identical for both systems, a possible explanation is that the variables selected for the eight lead system are better representatives of the groups under study. This higher stability of the selected parameters might result from the more complete information available in 64 variables for each patient as compared to 24 variables.
The present results indicate that the retrieval of more complete waveform information undoubtedly improves diagnostic performance. It is now necessary to test the system on a larger number of individuals and to extend the study to other pathological entities. Finally, multigroup classification will be considered.
